Introduction
Ultra-shallow junction formation is one of the key technologies to improve short-channel effects. Target junction depth in a research phase is now shallower than 10 nm [1] for the application of sub-50 nm nodes. In order to form such an ultra shallow junction with ion implantation, sub-keV implantation is necessary. Sub-keV ion implantors for mass production are already available and they are utilized for p-MOSFET development with B + implantation [2] . However, concerning As that is necessary for n-MOSFET fabrication, its usefulness was not well discussed with As depth profi les. In sub-keV regime, phenomena that were negligible for higher energy implantation will emerge, e.g. deposition of dopant on Si and sputtering. We have evaluated sub-keV implanted As + profi les with Secondary Ion Mass Spectrometry (SIMS), carefully considering infl uences due to primary beam energy and existence of a surface layer.
Experiments
As + implantation conditions are listed in Table 1 . To avoid channeling, pre-amorphization with Ge + implantation was carried out prior to As + implantation. As + implantation energy was 0.5, 0.7 or 1 keV. As a reference, 5 keV As + implantation that is deep enough compared with SIMS resolution was also utilized. Implantation doses were adjusted for each energy to make peak concentration around 2-3x10 21 cm -3 . Depth profi ling was performed with PHI 6650 quadrupole SIMS. The Cs + primary beam energies were 300, 500 or 1k eV. The incident angle was 60 degrees from the normal to the sample surface. In order to discuss the existence of a surface layer, some specimens were cleaned with 0.5 % HF acid before SIMS measurement. Figure 1 shows the profi les of sub-keV implanted As + measured with the 300 eV Cs + primary beam and the profi les simulated with TRIM [3] . There are discrepancies between SIMS and simulated profi les.
Results and Discussion
Firstly, we will pay attention to profi le tails. In the tail region, SIMS data shows gentler attenuation independent of the implantation energy. Moreover, improvement in junction depth is only 1.3 nm from the depth of 10.9 nm at 1 keV, in spite that the implantation energy was decreased to the half of 1 keV. These results are contrary to expectations to sub-keV implantation. Figure 2 shows As depth profi les obtained for various primary Cs + beam energies. Cs + energy reduction from 1 keV to 500 eV makes the tail slope steeper, however, further reduction does not. Since SIMS depth resolution is generally improved by the primary energy reduction, the results shown in Fig. 1 seems to be real based on Fig. 2 . However, surface roughness had better taken into account for clear discussion. The roughness of original Si is already not negligible for sub 10 nm junctions evaluation and degradation in roughness by ion bombardment, during As + implantation and SIMS measurement [4] , could be also not negligible.
Next, front side of the profi les is discussed. Figure 3 shows As profi les for implantation energy of 0.5 keV plotted in a linear scale. Secondary Si + counts are also shown. In the surface 2-3 nm region, matrix Si counts are not constant, in other words, there is a transient layer. Here, it should be noted that profi le peaks locate in the transient layer. Since, in the transient region, sensitivity for each secondary ion is not constant, usual quantifi cation with constant relative sensitive factor involves much uncertainty. It also should be noted that the thickness of the transition layers (T TL ) are independent to the primary beam energy and much thicker than that for hydrogen terminated Si, 0.3 nm for 300 eV Cs is about 1 nm. As a results, T SIMS is estimated to be 1.9 nm and it is almost constant for all implantation energies including 5 keV, as shown in Fig. 5 . This results support the idea that transient layer thickness is the sum of T SIMS and T SL . Since Si surface is easily oxidized, the surface layer is usually exists. Increase in T SL for sub-keV implantation is SL for sub-keV implantation is SL explainable assuming the surface As (or mixture of As and Si) layer formed by deposition (and mixing). From a device fabrication viewpoint, formation of such a surface layer easily that is lost by wet process is not preferable.
Summary
As depth profi les for sub-keV implantation were evaluated by ultra-low primary energy SIMS. In spite of implant energy lowering from 1 to 0.5 keV, improvement in the junction depth was only 1.3 nm. To discuss accuracy of this result, variation in surface roughness during SIMS measurement should be evaluated. The surface layer thickness was evaluated utilizing its removal with diluted HF. Its thickness was 1.4 nm and was thicker than that for 5 keV implantation. As-rich layer formation is considerable origin of the thick surface layer.
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pp. 532-533 Fig. 1 Comparison of sub-keV implanted As + SIMS depth profi les and the profi les simulated with TRIM [3] . In spite of reduction of implantation energy from 1 to 0.5 keV, improvement of the junction depth was only 1.3 nm. 
